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Interleukin la (IL-la), tumor necrosis factor a 
(TNFa), granulocyte-colony-stimulating factor (G- 
CSF), and granulocyte-macrophage colony-stimu- 
lating factor (GM-CSF) are molecularly distinct cy- 
tokines acting on separate receptors. The release of 
these cytokines can be concomitantly induced by 
the same signal and from the same cellular source, 
suggesting that they may cooperate- Administered 
alone, human recombinant (hr)IL-la and hrTNFa 
protect lethally irradiated mice from death, whereas 
murine recombinant GM-CSF and hrG-CSF do not 
confer similar protection. On a dose basis, IL-la is 
a more efficient radioprotector than TNFa. At opti- 
mal doses, IL-la is a more radioprotective cytokine 
than TNFa in C57BL/6 and B6D2F X mice and less 
effective than TNFa in C3H/HeN mice, suggesting 
that the relative effectiveness of TNFa and IL-la 
depends on the genetic makeup of the host. Admin- 
istration of the two cytokines in combination re- 
sults in additive radioprotection in all three strains. 
This suggests that the two cytokines act through 
different radioprotective pathways and argues 
against their apparent redundancy. Suboptimal, 
nonradioprotective doses of IL-la also synergize 
with GM-CSF or G-CSF to confer optimal radiopro- 
tection, suggesting that such an interaction may be 
necessary for radioprotection of hemopoietic pro- 
genitor cells. 

Cytokines are hormone-like polypeptides produced by 
the cells of the reticuloendothelial system after Inflam- 
matory stimuli. Ample evidence exists, based on their 
described in vivo and in vitro activities, that these mole- 
cules serve in host defenses against harmful exogenous 
challenges (1,2). Ionizing radiation, originating from nat- 
ural sources (cosmic rays), represents one such environ- 
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mental hazard. Our previous observation that a cytokine, 
interleukin 1 (IL-1) 2 protects mice from radiation-induced 
death (3, 4) therefore is in accord with the concept of the 
role of cytokines in host defense and damage repair. 

The degree of radioprotection obtained by treatment 
with IL-1 before irradiation resembles that previously 
reported for bacterial lipopolysaccharide (LPS) (5-7). Ad- 
ministration of LPS, however, results in induction and 
release of a number of cytokines, the most prominent of 
which are IL-1, tumor necrosis factor (TNF), and colony- 
stimulating factor (CSF) (8). The coordinate release of 
these cytokines suggests that they may act in concert. 
Pretreatment with human recombinant (hr) TNFa Is also 
radioprotecUve, (9, 10). In contrast, we were previously 
unsuccessful in demonstrating radioprotection using mu- 
rine recombinant (mr) granulocyte-macrophage (GM)- 
CSF alone (11). Furthermore, although in our hands hrlL- 
1 was radioprotective in five strains of mice, C57BL/6. 
BALB/c, DBA/1, B6D2Fi, and CDFi. its radioprotective 
effect in C3H/HeN mice was minimal (12). It is possible 
that in the latter strain other cytokines or a combination 
of IL-1 with other cytokines may be more effective In 
radioprotection. 

To evaluate the above possibilities, we have investi- 
gated the radioprotective effect of combinations of hrlL- 
la and TNFa, as well as hrIL-la and mr GM-CSF or hr 
granulocyte (G)-CSF. These studies were performed using 
C57BL/6 and B6D2F l mice, which are high responders 
to radioprotection with IL-la, and C3H/HeN mice, and 
low responders to IL-1 -mediated radioprotection. 

We now report that combinations of optimally radi- 
oprotective doses of IL-la and TNFa result in additive 
radioprotection in both high and low responder mice. 
Suboptimal doses of IL-la in combinations with nonpro- 
tective doses of GM-CSF or G-CSF result in synergistic 
protection from radiation-induced death. 

MATERIALS AND METHODS 

Mice. C57BL/6 and B6D2Fi inbred mice were obtained from The 
Jackson Laboratory. Bar Harbor, ME. C3H/HeN mice were purchased 
from Animal Genetics and Production Branch, National Cancer In- 
stitute, Frederick, MD. The mice were housed in the Veterinary 
Department Facility at the Armed Forces Radioblology Research 
Institute in cages with Micro-Isolation unit tops, 10 mice/cage. Fe- 

a Abbreviations used in this paper: IL-l, interleukin I; CSF, colony- 
stimulating factor: G-CSF, granulocyte colony-stimulating factor; GM- 
CSF, granulocyte-macrophage colony-stimulating factor; hr, human re- 
combinant; LPS, bacterial lipopolysaccharide: mr, murine recombinant: 
TNF. tumor necrosis factor. 



108 



INTERDEPENDENCE OF IL-1, TNF, AND CSF IN RADIOPROTECTION 



109 



male mice 8 to 1 2 wk of age were used for all experiments. Standard 
laboratory chow and HCl-acldlfled water (pH 2.4) were given ad 
libitum. All cage-cleaning procedures and Injections were carried out 
In a laminar flow unit. 

Cytokines. The hrIL- 1 a was generously provided by Immunex and 
Hoffmann-La Roche. Nutley, N J. The preparations were supplied in 
phosphate-buffered saline, pH 7.2, and 30 mM Tris-HCl, 400 mM 
NaCl, pH 7.8, respectively, and used on weight basis. The hrTNFa, 
lot CP4026POB, specific activity 9.6 x 10* U/mg in phosphate- 
buffered saline, was a generous gift from Blogen Research Corp.. 
Cambridge, MA. The mrGM-CSF was provided by Immunex as a 
lyophlllzed powder with sucrose as a stabilizing agent. The hrG-CSF 
was a gift from Amgen. Blochemicals. Thousand Oaks, CA. Protein- 
free phenol- water-extracted endotoxin derived from Escherichia 
coU K235 (LPS) was obtained from Dr. S. N. Vogel, Department of 
Microbiology, Uniformed Services University of the Health Sciences. 
All reagents were diluted to the desired concentration in pyrogen - 
free saline Just before l.p. Injection of 0.5 ml/mouse. All cytokine 
preparations were assayed for LPS contamination In a LAL assay 
and determined to contain less than 0.1 ng/inoculum. 

Irradiation. Mice were placed in Plexlglas containers and were 
given whole body irradiation at 40 rad/min by bilaterally positioned 
cobalt-60 elements. Mice survival was recorded daily for 30 days. 

Statistical analysis. Two survival proportions were compared 
using a 2 x 2 contingency table analysis (x a ). A survival proportion 
was compared with the sum of two others by assuming that survtval 
has an exponential distribution, i.e., exp(-t/X). If two survival mech- 
anisms act independently, their mean survival was assumed to add. 
The survtval proportion of the combined mechanism was then com- 
pared with the predicted survtval proportion of the exponential sum. 

RESULTS 

Comparison of the radioprotective effects of hrlL-la 
and hrTNFa. The effect of increasing doses of hrlL-la 
and hrTNFa on the survival of LD l0 o/so- Irradiated C57BL/ 
6 and LD fl5/ 3o-irradiated B6D2F t mice, both high re- 
sponded to radioprotection with IL-1 a. was compared. 
C57BL/6 mice were protected with doses of IL- 1 a ranging 
from 100 to 1000 ng (Fig. I A) (doses of 50 ng did not 
confer significant radioprotective effect: data not shown). 
Doses of IL-1 a ranging from 75 to 1000 ng were similarly 
radioprotective for B6D2F, mice (Fig. IB). Equivalent 
doses of TNFa had no radioprotective effect for these two 
strains. However, significant radioprotection in these two 
strains was obtained using 5- to 10-jig doses of TNFa 
(Fig. I A and B). The maximal degree of radioprotection 
achieved with higher doses of TNFa. however, was less 
than that observed in both strains with lower doses of 
IL-la (p < 0.001). Therefore, human TNFa is a less effec- 
tive radioprotector than human IL-la In the above two 
strains. 

In our previous studies, C3H/HeN mice were less re- 
sponsive to the radioprotective effect of IL-la than 
C57BL/6. DBA/1 (12), as well as CDFj or BALB/c mice 
(R. Neta, unpublished observations). A comparison of the 
radioprotective effect of IL-la and TNFa in this mouse 
strain showed that 5.0- to 7.5-Mg doses of TNFa conferred 
greater protection (p < 0.05) than 150r to 500-ng doses 
of IL-la (Fig. 1C). Therefore, in contrast with C57BL/6 
and B6D2Fi mice, TNFa Is more radioprotective than IL- 
la in C3H/HeN mice. However. TNFa is equally protective 
in all three strains (Fig. 1A to C). In doses of 0.2 jtg/ 
mouse, mrTNF did not confer protection, 0.5 Mg/mouse 
protected 20%, 1 to 2 Mg/mouse 30%, and 5 Mg/mouse 
40% of mice (n = 10 to 18 mice/group). 

The radioprotective effects of the combinations of IL- 
la and TNFa. The divergence of the effect of TNFa and 
IL-la suggested that they may act differently. It was, 
therefore, of interest to determine the interactions of 
these two cytokines in radioprotection. The effect of com- 
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Ftgure 1 . Protective effect of hrTNFa and hrIL- 1 a In lethally irradiated 
mice. C57BL/6 L4), B6D2Fi (B). or C3H/HeN (C) mice, 8 to 12 wk old, 
received l.p. 0.5 ml saline (control) or recombinant cytokines In doses as 
trtdlcated, 20 hr before whole body Irradiation. The radiation doses were 
950 rad (LD,oo/3o) for C57BL/6 [A], 1050 rad (LXWso) for B6D2Fi (B), 850 
(LDioo/so for 8 to 9 wk old), and 900 rad (LDioo/so 

for 10 to 12wkold)C3H/ 
HeN mice (C). The numbers at the top of the bars represent the total 
number of mice receiving each treatment. TNFa was more radioprotective 
than IL-la In C3H/HeN mice (p < 0.05) (C). TNFa was less radioprotective 
than IL-la in C57BL/6 and B6D2F, mice (p < 0.001) [A, B). 

binations of IL-la and TNFa in C57BL/6 mice was addi- 
tive, as determined from the dose reductor factor (DRF) 
values (Fig. 2). The DRF were calculated from the ratio 
of LD50/30 of IL-i treated to control mice. Similarly, com- 
binations of optimal doses of the two cytokines had an 
additive radioprotective effect (p < 0.01) in lethally Irra- 
diated B6D2F, mice (Table I). The radioprotective effect 
of IL-la and TNFa in combination was greater in this 
strain than the radioprotection achieved with optimal 
doses of LPS (p < 0.01), suggesting that combinations of 
cytokines may be more effective radioprotectants than 
immunomodulatory substances that induce cytokine re- 
lease. 

Combinations of TNFa and IL-la also had additive 
effects in low responder C3H/HeN mice at optimal doses 
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Figure 2. Radioprotective effect on hrTNFa and hrlL-la. by them- 
selves and in combination, in C57BL/6 mice exposed to Increasing doses 
of radiation. C57BL/6. 8- to 12-wk-old mice, received 5 *ig/mouse of 
hrTNFa, 150 ng/mouse of hrlL-la, alone or in combination. Each exper- 
imental point represents 12 to 70 mice. DRF were calculated from the 
ratio of LDw/ao of treated vs control mice, using problt analysis and were 
1.12 (1.08, 1.16) for TNFa; 1.19 (1.16, 1.21) for IL-la: and 1.38 (1.24, 
1.54) for IL-la + TNFa. The numbers In brackets are 95% confidence 
limits. Treatment with IL-la was significantly more radioprotective than 
treatment with TNFa at 950 rad (p < 0.001) and 1000 rad (p < 0.05). The 
effect of combined treatment with IL-la and TNFa was significantly 
greater than the sum of effects of treatment with IL-la or TNFa alone at 
radiation doses above 1000 rad (p < 0.01). 

TABLE I 

Radloprotectton qfB6D2F, mice with rIL-la, rTNFa, by themselves, 
and in combination* 

Radiation Dose 



Treatment 1050 1 150 





Dead/Total 


% Survival 


Dead/Total 


% Survival 


IL-la 










100 ng 


6/22 


73 


16/22 


26 


TNFa 










5*g 


12/22 


46 


21/22 


6 


IL-la + TNFa 










100 ng + 5>ig 


0/22 


100 


4/22 


82 


LPS 












3/22 


86 


14/22 


36 


Saline 


19/22 


14 


22/22 


0 



a Mice were treated as described in Figure 1 . The percentage of survival 
of mice given 1050 or 1 150 rad after treatment with IL-la was greater 
than that after treatment with TNFa (p < 0.05). IL-la and TNFa in 
combination conferred significantly greater protection than the sum of 
radioprotection with IL-la and TNFa alone (p < 0.01) and also greater 
than radloprotectton with optimal doses of LPS (p < 0.01 ). 

TABLE U 

Radioprotection of C3H/HeN mice with hrlL-la or hrTNFa alone and 



In combtnatton' 1 


Treatment 


Dead/Total 


% Survival 


Saline 


175/180 


2.5 


IL-la 






100 to 200 ng 


78/91 


15 


300 to 500 ng 


48/64 


25 


TNFa 






1.0 to 2.0 ug 


32/34 


6 


5.0 to 7,5 ng 


51/88 


42 


IL-la + TNFa 






100 ng + 2.0 Mg 


7/16 


55 


200 ng + 7.5 fig 


6/50 


88 



" C3H/HeN mice were treated as described in Figure 1 . TNFa in doses 
of 5 to 7.5 Mg/mouse protected significantly greater numbers of mice than 
treatment with 150 to 500 ng of IL-la alone (p < 0.05). Treatment with 
IL-la and TNFa in combination was significantly more radioprotective 
than the sum of the radioprotective effects of IL-la and TNFa adminis- 
tered alone (p < 0.05). 

of cytokines (p < 0.01) (Table II). 

The effects of combinations of IL-la with GM-CSF or 
G-CSF. The radioprotective effect of IL- 1 occurs at radia- 
tion dose ranges that suppress hemopoiesis. It has been 
proposed, therefore, that the effect of IL-1 may be me- 
diated by CSF. However, i.p. administration of GM-CSF 
20 hr before Irradiation In doses ranging from 1 to 10 #ig/ 
mouse had no significant protective effect against lethal 



doses of radiation (1 1). To examine further whether GM- 
CSF contributes to radioprotection, suboptimal doses of 
IL-la were administered in combination with GM-CSF or 
G-CSF. Combinations of these cytokines greatly en- 
hanced the survival of mice in comparison to the effect 
of each cytokine alone (p < 0.01) (Table III). The effect of 
treatment with combinations of suboptimal doses of IL- 
la and GM-CSF or G-CSF equaled that achieved with 
optimal doses of IL-la. This effect, however, did not 
extend to supralethal doses of radiation (Table III). 

orscussiON 

Inflammatory signals induce the release of various cy- 
tokines with distinct, as well as overlapping, biologic 
activities. IL-la and TNFa represent two such cytokines, 
which are induced and released by macrophages after 
the same inflammatory stimulus (LPS as an example) 
and which also share a number of similar biologic prop- 
erties, such as induction of fever (13, 14), acute phase 
proteins ( 1 5, 1 6), or CSF (17-19). Therefore, despite their 
differing molecular structure and their action on separate 
receptors, they exhibit apparent redundancy. Our results 
showing that the two cytokines differ in the extent of 
their radioprotective effect, that their relative effective- 
ness may vary depending on the genetic makeup of the 
host, and that their combined activity is additive inde- 
pendent of the genetic makeup argue against the appar- 
ent redundancy of these agents in this context. Higher 
quantities of TNFa than of IL-la were required in all 
strains of mice to confer optimal radioprotection. Al- 
though most of these studies utilized hrTNFa, murine 
TNFa in C3H/HeN mice was also required in doses higher 
than IL-1 to achieve significant radioprotection. 

The radioprotection achieved with optimal doses of IL- 
la was greater than that with optimal doses of TNFa in 
C57BL/6 and B6D2Fi mice, but this situation was re- 
versed In C3H/HeN mice. TNFa, however, was equally 
protective in all three strains. Although we do not know 
the basis for the differences in protection of these inbred 
strains of mice, this observation suggests that different 
cytokines may achieve similar effects in genetically dis- 
parate individuals. 

The additive effect of IL-la and TNFa in radioprotec- 
tion, independent of genetic makeup or of the dose, sug- 

TABLE III 

Radloprotectton of B6D2F t mice with combinations of rCSF and 
rIL-la a 

Radiation Dose 



Treatment 1050 1150 





Dead/Total 


% Survival 


Dead/Total 


% Survival 


IL-la 










100 ng 


9/32 


69 


16/22 


26 


33 ng 


34/42 


19 


20/22 


9 


GM-CSF 










1 Mg 


35/42 


17 


22/22 


0 


G-CSF 










1 Mg 


8/10 


20 


ND 




GM-CSF 










1 /tg+ IL-la 33 ng 


14/42 


67 


20/22 


9 


G-CSF 










1 ng + IL-la 33 ng 


3/10 


70 


ND 




Saline 


35/42 


17 


22/22 


0 



a Mice were treated as described In Figure 1 . The radioprotective effect 
of 33 ng IL-la or 1 ng of GM-CSF or G-CSF did not differ significantly 
from treatment with saline. The effects of IL-la and GM-CSF or IL-la 
and G-CSF In combination in mice treated with 1050 rad differed signif- 
icantly from controls (p < 0.0 1). ND. not determined. 
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gests that the two cytokines employ different radiopro- 
tective pathways. Although the mechanism of action to 
achieve radioprotection remains unknown, a number of 
the activities of IL-la and TNFa may be related to the 
radioprotective effect. For example, induction of acute 
phase proteins, some of which (metallothionein and cer- 
uloplasmin) have the capacity to scavenge free radicals 
(20-23) and other acute phase proteins, may contribute 
to radioprotection. Although IL- 1 a induction of bone mar- 
row cell cycling (24) may present yet another critical 
event in radioprotection, TNFa is not known to have this 
capability. In fact, TNFa has been reported to be inhibi- 
tory to hemopoiesis (25, 26). Several reports exist, how- 
ever, showing its role in hemopoietic differentiation (27- 
29). This differentiating effect is most pronounced in 
synergy with other cytokines. Whether this effect of 
TNFa on hemopoietic cells contributes to its radioprotec- 
tive effect remains to be established. 

The finding that treatment with TNFa and IL-la in 
combination is more effective than treatment with opti- 
mal radioprotective doses of LPS (an inducer of the two 
cytokines) may be explained in two ways. Either the two 
cytokines are presented in more optimal doses than can 
be induced with LPS or toxic effect of the LPS molecule 
itself is circumvented by using the cytokines. 

The lack of radioprotective effects of GM-CSF or G-CSF 
administered alone, and its synergistic effect when com- 
bined with suboptimal doses of IL-la, indicate that these 
hemopoietic growth factors may be effective only when 
combined with IL- 1 a. Possibly, this synergy relates to the 
recently described hemopoietin- 1 (HP- 1) activity of IL-la, 
because hemopoietin- 1 /IL- 1 has been reported to syner- 
gize with GM-CSF in promoting growth of early hemopoi- 
etic progenitor cells (30). Furthermore, IL-la has been 
shown to induce CSF in vitro as well as in vivo (17, 19). 
Thus administration of IL-la generates cytokines with 
which IL-la can interact to yield more pronounced bio- 
logic effects. Additional possibilities that need to be ex- 
amined may involve induction by IL-la of increased 
expression of CSF receptors. 

In all, our observation that combinations of cytokines 
may be more effective than the administration of each 
cytokine alone serves as additional evidence that these 
agents act in concert and despite their apparent redun- 
dancy must all be required for normal host defenses. 
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